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We present a new method to analyse data obtained by Brillouin scattering. Using two scattering geometries
simultaneously and measuring separately the refractive index n(T) we can determine the logarithmic
derivative dlgM'(w, T)/81gw = Qy and thus are able to characterize unambiguously the dominant fast
processes by high precision frequency shift measurements. For a sufficient narrow relaxation time
distribution the imaginary part M " (w, T) of the complex modulus M (w, T) = M'(w, T) + iM"(w, T) can
be derived. Analysing data of poly(propylene glycol) with M,, = 1000 (PPG 1000) we find the fastest process
to show Arrhenius behaviour. Using published data from impulsive surface scattering we can finally
deconvolute a set of three different processes: two exhibiting Arrhenius behaviour and one showing Vogel-
Fulcher-Tammann behaviour. These three processes describe the data to a high accuracy and are
tentatively assigned to molecular motions. At high frequencies the relaxation time distribution observed
narrows to a single relaxation time. In the light of these results it seems questionable to use linewidth data
from Brillouin scattering experiments to determine the width of the relaxation process. From the present
work we believe the experiments with surface acoustic waves to be the most effective since they can be

coupled with Brillouin scattering experiments. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

Investigations of relaxational phenomena in oligomeric
liquids help to understand the molecular dynamics in
complex fluids. The whole step in the complex modulus
M(w) = M'(w) + iM"(w), as a function of the frequency
w, should be covered by the measurements, which is often
impossible. Results obtained by different methods, such
as photon correlation spectroscopy (PCS)', ultrasound®?
or Brillouin scattering (BS)*3 are plotted to one
relaxation map. Brillouin spectroscopy provides the
information about the highest frequencies in a very
restricted range beyond about 1 GHz. Temperature
variations are used to explore the relaxation process
and sometimes it is possible to cross the transition
region®, as in the case of poly(propylene glycol) (PPG)
which reveals a secondary relaxation around room
temperature, irrespective of molecular weight*. It is
usual to measure the lineshift and the linewidth of the
phonon lines. The former is transformed to the real part
of the longitudinal modulus

4
M'(w) = K'(w) +§G'(w) (1)
with K'(w), G'(w) are the real part of the complex bulk

modulus K(w) and the complex shear modulus G(w)
respectively. The linewidth I'q? represents the acoustic

* To whom correspondence should be addressed

damping (T is the damping constant). These quantities
are compared to theoretical expressions of hydrody-
namic theories®. The agreement is questionable if only
part of the relaxation process is covered by the
experiment’. One of the main problems is to determine
Vs (T) = v(T,w — 00)*>. Evaluating the linewidth
involves great errors, compared to the accuracy of the
lineshift. A controversy in interpreting data obtained
from n-alkane melts’-? motivated us to search for a
method to detect unambiguously hypersonic frequency
dispersion from Brillouin scattering without using
theoretical models. In fact such a method exists and
has been assigned the opto-acoustic dispersion
function'. It is based on simultaneous measurement of
Brillouin lineshifts belonging to two different scattering
geometries, i.e. to two different §-vectors and a separate
measurement of the refractive index n. The sensitivity is
very high and the method is well adapted for very weak
processes. We used PPG, with its well-known dispersion,
as a test substance. Well-known does not mean well
understood, which is shown by the controversial inter-
pretation of the data obtained!’!2, Qur interest was to
incorporate relaxation models into the data treatment to
see whether this controversy can be resolved.

BRILLOUIN SCATTERING AND HYPERSOUND
RELAXATION: METHODICAL BACKGROUND

Brillouin scattering is the inelastic scattering of light by
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Figure 1 Kinematic of the Brillouin scattering process: an incident
photon (energy ¢; = hw;, momentum p; = hk;) interacts with a phonon
(€qo = Bwg,, P =17) and a scattered photon results with different
momentum p; = fik, and slightly different energy ¢; = liw,. Where w;,
ws, wqe are radian frequencies, k;, k,, q are wave vectors of the
corresponding quantum and o is the polarization index of the phonon
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Figure 2 Standard scattering geometries with fixed outer scattering
angle 8, =90° differing from the inner scattering angle 6;: (a)
90Normal-, (b) 90Antireflection-, (c) 90Reflection- and (d) 180-back-
scattering geometry

thermally excited sound waves in solids and liquids. For
details see for example references 13 and 14. The energy
and momentum conservation is described by a three
quantum process (Figure 1). The frequency shift Aw of
the scattered photon is given by

Vie . 0

on sin 3 (2)

where vz, is the sound velocity related to the elastic
modulus, M, and the mass density p by v, = {Mg, / p}"z;
n is the optical refractive index and c the velocity of light
in vacuum. The standard scattering geometries are
shown in Figure 2. The outer scattering angle 6, is fixed
to 90° and differs from the inner scattering angle ;. The
absolute value ¢ = 2m/A (A is acoustic wavelength) of
the wave vector 4 is correlated with the inner scattering
angleby g = |§| = 2+|k;| - sin6;/2. For a given scattering

Aw=wgz, = jws —wi| = 2w+
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geometry the sound velocity v (index o suppressed) can
be calculated from the measured frequency shift
Av = Aw/27m by using equations (3a)-(3d), which
follow directly from equation (2).
Avgon Ny
ON: v=—=—— 3a
Jan (3a)

L ANZYRN
V2
v = AvgorAg
Van? -2

AvigyAg

180: v P (3d)
where ) is the vacuum wavelength of the incident laser
light. The symmetrical 90A-geometry not involving the
refractive index # should be favoured. In combination
with another scattering geometry it enables determina-
tion of the refractive index if acoustic dispersion can be
neglected. The combination 904/90R can be done
simultaneously on the same sample volume at the same
temperature, cf. Figure 3. If acoustic dispersion is
present, n(T ) which must be known from independent
measurements will not be reproduced. This leads to a
very sensitive method to detect relaxation processes in
the region of interest. The method was first introduced by
Kriiger er al.*!%. Equations (3a)~(3d) yield the following
definition of the opto-acoustic dispersion function
D, (T)*"™:

904: (3b)

90R: (3¢)

Daoy(T) = 2] (42)

Di(T) = ) (4b)
2

Dur(T) = |3 |1+ (325 } (40

Without acoustic dispersion, i.e. w7 < 1 orwT > 1 (718
relaxation time) Dx(T) = n(7T) holds, whereas a weak
frequency-dependence of the modulus leads to a distinct
deviation from the refractive index n(T ). The D-function
can be determined with great accuracy by Brillouin
spectroscopy because only the ratio of two frequency
shifts is involved. Thus the D-function is independent of
the calibration of the spectrometer. The accuracy is
governed by the constancy of temperature.

The D-function has an inclined co-ordinate system
given by the refractive index n as a function of

*In ref. 10 a generalized formulation of the opto-acoustic dispersion
function Dx(T) for the combination of the 90A4-scattering geometry
with any other scattering geometry X (inner scattering angle 6x) is
given, which can be easily derived from equation (2):

My(T)
Mypa(T)
B 1 Avy(T)
- \/isin%T—)AV%A(T)

For X = 90N and X = 180 this expression is equal to equation (4a)—
(4b), but not equal to equation (4c) for X = 90R. The latter is only
equal in the range of no acoustic dispersion

Dx(T) =n(T)




Figure3 904/90R-double geometry: the Brillouin frequency shifts are
measured quasi-simultaneously on the same sample volume. Using
Shutter SH1 and SH2 each of both scattering geometries can be easily
selected. Switching back and forth is done computer controlled
synchronously with changing the data accumulation area of the
multichannel analyser. A, aperture; BS, beam-splitter; L, lens; M,
mirror; SH, shutter

temperature. A rectangular system is given by Rx(T') the
ratio of the moduli belonging to the two different
frequencies of the X- and the 90A4-geometries. In case
of the 90A/90R combination we get

_ M'(vor, T) _ (Egﬁ)z 1 (5)

M'(vg0a, T) vgoa) 2n? —1
R > 1 indicates the appearance of a mechanical relaxa-
tion process. The 904/90R-arrangement shows a high
sensitivity since only lineshifts and the refractive index
are measured with an accuracy of Av < £0.1% and an
accuracy of n < +£0.25% respectively, such that a 1%
dispersion of the modulus is easily detected. This
representation is free of any model for the frequency
and temperature dependence of the modulus.

We now introduce an alternative representation. Two
frequencies differing by a factor of about two provide the
possibility to determine a difference quotient which for
slowly varying functions is just the derivative

_OgM'(w,T) @ AM'
Om(T) = dlgw M Aw (6)

where AM' and Aw are the differences, and M’ and @
the average values of the corresponding variables. By
simultaneously detecting two scattering geometries and
varying the temperature T a frequency window of the
width Aw is shifted over the curve M(w, T'), as shown in
Figure 4. In doing so we use the temperature—frequency
superposition principle, according to which varying the
temperature is equivalent to varying the frequency and
vice versa. In Brillouin spectroscopy two wave vectors of
different magnitude are selected. Their frequencies
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Figure 4 The Qy function can be directly obtained from the Brillouin
double scattering geometry. For a Debye process it can be converted to
the loss modulus. By varying the temperature a frequency window of
the width Aw is shifted over the curve M(w,T) = M'(w, T)+i-M"
(@,T)

follow from the dispersion relation. Therefore the
width of the frequency window can vary slightly.
The real part of the moduli can be expressed by

2

M (woon, T) = p(T)“’—gq% (7a)
2

M'(wyr, T) = P(T):—g‘;% (7b)

where gg94 is independent of temperature. The density
p(T) as a function of temperature can be obtained by
using the Lorentz—Lorenz equation

n*(T)-1

m—’ﬂ(n (8)

The specific refractivity r is almost independent of
temperature. We obtain for the difference AM'(T) =
M’(wg()R, T) - M/(UJQOA, T) of the moduli

Nnt-1] V3
AM =N SR 2
M 2r n? 42 {Zn2 VoA ®)
and for the average value M'(T) = [M'(wor, T) + M’
(wooa, T)]/2

Y >\(2)"2 —1 V§0R 2
M= {ﬁ traag (0

For clarity the variable T has been suppressed. Finally
we get with equation (6)

-1
QM={1+2[@‘E—1J }
Y90A
2 -1
{1_2[(5_:23—_”2;12—1“} } (11)

Like the opto-acoustic dispersion function Qy(T) can
be determined with high relative accuracy on the same
reasons. The uncertainty of the refractive index has
negligible influence on the accuracy. Qy (7)) is experi-
mentally determined as a function of temperature with a
slowly varying average frequency (Figure 4) and up to
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this point free of model assumptions. If a theory delivers
an expression for M(w, T) it can be compared directly to
the experiment if the measured frequencies are inserted.

The time-dependence of a modulus M(7) can be
written as

=+ oC

M(t):M0+J H(r)e "dInr (12)
which for a dynamic load transforms to
, + 0 u)sz
M (w):M0+JwH(T)mdlnT (13(1)
+oc T
M"(w):J H(r )——————dlnT (13b)
o 1 +w?

The fraction is the Debye relaxation function. The
relaxation time distribution H(7) is generally difficult,
sometimes impossible, to obtain and parametric repre-
sentations of M(w) are widely used. For a sufficiently
steep change in M (w) to a first approximation the relation
dM'(w

Hir=1/0) =2 My 0w 04

is valid'®. For the Debye relaxation function we can
determine M "(w) from the Qy-function via

M mrw)-ou)  09)

where AM = M, — My is the relaxation strength of the
Debye process. Equation (15) may approximately be
used also for other relaxation functions. The of-
relaxator of Havriliak—Negami'’

M,/(u)) _

M(w):MOCvAM—.]id (16)
(1+ (iwT)?)
embraces the Debye case (o = 1, 8= 1), the Cole— Cole
case (8 = 1)'® and the Davidson—-Cole case (o = . All
these variations of the Debye relaxator have a wider
spectral range.

The temperature dependence of the modulus and the
relaxation time lead to the temperature—frequency or
temperature—time superposition principle respectively
which for thermorheological simple fluids with x as
reduced variable reads as follows:

M(lgw, T) = M(x) with x=Ilgw-—Ilgar (17)

The temperature dependent shift factor at = w/wg is
determined by the ratio of the frequency w at temperature
T and the frequency wg at reference temperature Tg. It
involves the shift factor a7 and lgaT = —lgay. The
temperature dependence of the shift factor ar can be
expressed by

C(T - Tyg)
G+ (T—T) (18)

the generalized WLF—equationZO. It is used to construct
the whole relaxation by superposing shifted spectra
obtained in limited frequency and temperature ranges.
Setting T* = Tg — C, and 4 =1n10-C; - C; we get the
Vogel-Fulcher-Tammann (VFT) expression for the
relaxation time as function of temperature

lgar =

T = ToeT T (19)

With 7* =0 and 4= Uy/kg=Uy/R (Uy is the
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activation energy, U, is the activation energy per mole,
kg is the Boltzmann constant, R is the molar gas
constant). Equation (19) reduces to the famous Arrhe-
nius equation of simple fluids.

EXPERIMENTAL
Sample preparation

The PPG was purchased from Aldrich as poly(l 2-
propanediol) My, = 1000, p(25°C) = 1 005gcm 3 , glass
transition temperature (7,) ~ 190K?!. Initial experi-
ments with the substance as received suffered from
problems in the reproducibility of the refractive index.
Assigning this to a changing water content we then
prepared samples by drying them for at least 4 days over
a molecular sieve with pore diameter 0.4nm. Sub-
sequently the samples were filled into sealed cuvettes.
All data presented are from these dried materials.

Index of refraction

The index of refraction was measured in the range
310-430 K with an Abbé refractometer (model B from
Zeiss) calibrated for 546 nm. The measured values were
corrected for 514.5nm using a table received from the
manufacturer. The original thermometer was replaced by
a Pt-100 resistor. The refractive index is linear in the
temperature range covered: n(7T) = 1.55187 — 3.3272-
10-4 TK . It has been extrapolated to lower tempera-
tures. From the den51ty p(25°C) the specific refrdctmty
was computed using equation (8): r = 0.26879cm ™ ge

Temperature control

For the scattering experiment at high temperatures the
cuvettes were placed into a symmetrical oven to avoid
thermal gradients at the sample site. Two Pt-100 resistors
were used for temperature control, one connected to a
high precision temperature indicator (model S 1220 from
Systemteknik, Sweden), the other one to a home-built
temperature controller, both with four point technique.
At the sample site the temperature measurement was
performed by using a Fe-constantan thermocouple with
a MAWI-therm 206. At low temperatures we used an
Oxford optical cryostat CF 1204 (helium flow cryostat)
with an ITC 4 PID-temperature controller. Temperature
control and measurement were done by two Fe/Rh
resistors, one at the sample site. For both arrangements
the relative temperature accuracy and temperature
stability is better than +0.1 K. The temperature ranges
of the two systems overlapped in the range 300-350K
with the data in very good agreement.

Spectrometer and spectra recording

The Fabry—-Perot interferometer (FPI) (Burleigh RC
110) runs with a self-built stabilization system. The scan
duration for two free spectral ranges is about 0.7 s. When
investigating liquids it is used in the 3-pass option, but
can be changed quickly to a 5-pass option. For details cf.
ref. 22. To overcome the problem of line overlapping we
used the arrangement shown in Figure 3. After tempera-
ture equilibration every 10 scans the geometry was
switched automatically to the other one, providing a
quasi-simultaneous data accumulation of 500 scans in
each of the two different scattering geometries. The
shutters SH1 and SH2 are computer-actuated. The
scattering arrangement is tested by collecting data from



pure water. Due to the absence of dispersion® the
refractive index must be reproduced as well as the sound
velocities both of which are known to a high
accuracy®*~%. In this way we are able firstly to calibrate
the free spectral range to an accuracy better than +0.1%
and secondly to control exactly how the scattering
geometries gave information of the same volume element
of the sample.

Data evaluation

The detected Brillouin spectrum S(w) is the convolu-
tion of the true spectrum /(w) with the profile L(w) of the
laser line and the instrumental function 4(w).

The true spectrum /(w) can be derived from S(w) by
deconvolution. For a single-mode laser L(w) = §(w). The
instrumental function is governed by the Airy function

S(w) = J+:A(w - w')J+:L(wH)I(w' —w"dw"dw' (20)

By reason of better numerical handling near a maximum
at wy the sine in the Airy function may be expanded and
we obtain

Ay
<1 + (wgzwo)z(zl/p _ 1)>P

1/2

Afw) =

(21)

where A, is the transmission maximum, & 52 1s the
instrumental half-width (half-width at half-height) and p
is the number of passes through the FPI. A(w) is a
function of type Pearson VII, and p is called the Pearson
factor. The convolution integral (20) can be extremely
complicated. Since /(w) can be assumed to be nearly
Lorentzian the convoluted spectrum S(w) = I(w) ® 4(w)
may be approximated in good agreement again by a
Pearson function, with different p and different half-
width. If no quasistatic light scattering is present, the
lineshape of the instrumental function dominates the
Rayleigh line and p directly corresponds to the pass
number. Deviations from the experimental pass number
give information about the multipass quality of the
interferometer. Generally the Pearson factors of each
Brillouin line and of the Rayleigh line are different.
Computations show that the lineshape fitted has
negligible influence on the lineshift. Hence we used
Pearson functions as fit functions. The nonlinear fitting
procedure is based on the method of least squares®. All
data collected from two free spectral ranges are fitted
simultaneously. Thereafter the average value of the
lineshifts and the linewidths are calculated.

RESULTS

In the 90A/90R-geometry spectra of PPG 1000 were
recorded in the temperature range from 185K to 465K.
From the frequency shifts the sound velocities were
caiculated (90A-geometry via equation (3b), 90R-
scattering geometry via equation (3c) including the
separately measured refractive index). The density p(T )
was derived from n(T') making use of equation (8). Thus
the moduli of both scattering geometries could be
computed cf. Figure 5. The curves are similar to those
given in reference 5 for a smaller temperature range.
They cannot be directly compared, because the authors
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Figure 4 Real part M’ of the elastic modulus in PPG 1000 as a
function of temperature 7, derived from Brillouin scattering measure-
ments. Two different scattering geometries were used (A vggs < A vggg)-
The frequency range covered extends from 2.5 GHz to 7.5 GHz for the
90A4-scattering geometry and from 4.3 GHz to 13.8 GHz for the 90R-
scattering geometry. From the high temperature range of the 904-
scattering geometry we get My = (3.418 — 5.79.107>- T K™') GPaand
from the low temperaturc range of the 90R-scattering geometry
M, = (16.969 — 4.885.10 . TK™') GPa
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Figure 6  Oy-function of PPG 1000 showing a relaxation process with
a maximum at (309 £ 3) K at a frequency # = 6.1 GHz

used a 90N-geometry leading to different frequency shifts
(Avggp < Avgon < Avggr) and therefore to different
moduli if dispersion is present. The usual interpretation
requires the knowledge of the asymptotic values
My=M(v—0) and M, = M(v— o). From the
high temperature range of the 904-geometry we get
My=(3418-5.79-10-TK™!) GPa and from the
low temperature range of the 90R-geometry M, =
(16.969 —4.885-107>-TK ') GPa. Comparing our
results with the data published by Huang and Wang2]
and by Borjesson et al’ show a somewhat different
temperature dependence of M, but a striking difference
in the value of M, which we assign to the water content
of the samples. Exact values of M, and M, are an
essential problem of the commonly performed method.

The Qw-function obtained from the data is depicted in
Figure 6. The relaxation maximum at (309 +3)K at a
frequency & = 6.1 GHz corresponds to a relaxation time
7= (2mv)~" =2.61 x 107" 5. This point is plotted in the
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relaxation map Fzgure 7 as a cross. The other data are
taken from literature’. The different molecular weight is
of no concern, because it only affects very slow processes.
The high frequency part is obtained from the damping of
surface acoustic waves observed by impulsive surface
scattering (ISS). The medium frequencies represent the
thermal expansion answer from the same experiment.
The lowest frequencies are from PCS. The small offset in
Om(+0.015) which is found in the region of no
dispersion is due to a small difference (+0.007) between
the refractive index measured by Brillouin spectroscopy
and by an Abbé refractometer.

We now fit the Qy-function using the VFT law
(equation (19)) to describe the temperature dependence
of the relaxation time and the af-relaxator (equation
(16)) for the frequency-dependence of the modulus. This
is given as a solid line in Figure 6. The relaxation process
shows a relaxation step AM /My =0.74, a relaxation
time 7y = 3. 72 x 107" s and an activation energy Uy =
22 5kJmol '. The Vogel temperature must be set to

=0 because fitting 7" leads to an unphysical negative
Value. The same happens with a Cole—Cole or David-
son—-Cole relaxation function resulting in « > 1 and
3 > 1. Therefore no broadening of the relaxation process
must be taken into account. A Debye process yields the
correct description. At the low temperature side (higher
frequencies) a further process (T ~ 260K) is indicated
by a small hump. At the high temperature side (lower
frequencies) the experimental data exceed the fitting
curve, pointing to another phenomenon within this melt,
which will be more closely analysed with n-alkane
melts'*?.

ISS acoustic response
ISS thermal response
PCS-1

2L PCS/BS (Torell)

BS (this work)

| -~ - ARRH.1 °
—-— ARRH.2
——— ARRH.1+ARRH.2+VFT a

+<reon

Ig(z/s)

103/TK™M

Figure 7 Relaxation map of PPG: +, BS-data (this work), B @ A ¥V,
data taken from literature®™®. The relaxation process observed at
Brillouin frequencies shows an Arrhenius behaviour (ARRH.1: ———).
The 1SS-data from acoustic response (W) fit a sum of two Arrhenius
processes (ARRH.2: — — —), see also Figure 8. The remaining data
can be described by the two Arrhenius processes plus an additional
Vogel-Fulcher-Tammann law (ARRH.1 + ARRH.2 + VFT: —)
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DISCUSSION

Our analysis clearly reveals a single relaxation behaviour
at Brillouin frequencies. The Debye relaxation function
just fits the experimental data and no wider process is
allowed. The Vogel temperature is unambiguously
determined as 7" = 0K, the value of a single relaxator.
It remains unclear why the other investigators“’5 arrived
at different results. We believe there are two possible
reasons:

(1) From the literature, it remains doubtful whether the
samples had a controlled water content compare the
results on PPG-salt complexes™.

(ii) An important principal problem is the transforma-
tion of measured data to relaxatlon representations
like the reduced modulus given by>:

M) - Mylw) () — i)

N = @) Mo~ v w) — 0i(@)
L M) e

N = 3w~ Mol ol () — i) 2

where the inaccuracy of the line width measurements
as well as the assumption that all the broadening
observed is due to the viscoelastic damping process
introducing errors. A difficulty is the choice of M,
and M__. The former is determined by a linear fit to
the high temperature wing of M'(T) and depends
on the temperature range covered being correlated
to the frequency range via the selected scattering
geometry. If the dispersion region is not completely
covered by the temperature range for the given
scattering geometry this also leads to an incorrect
value of M. wand T are not independent variables
of M'(w, T) but are related by the temperature—
frequency superposition principle (equation (17)).

-7
o W ISS acoustic response
+ 8BS
-8 L O ISS-ARRH.1
- — - ARRH.1
L -- == ARRH.2

Ig(</s)

-13 L ! L n n L s

1023/TIK™"

Figure 8 Relaxation map of PPG: subtracting the Arrhenius process
observed at Brillouin frequencies (ARRH.1: —~-) from the acoustic
part of the ISS measurements (M) yield data with an excellent linear
correlation ([0). A second Arrhenius process (ARRH.2: — — —)
becomes obvious



Therefore evaluating M from M'(T ) is only correct
in the region where M'(w, T) is independent from
frequency, otherwise the data must first be normal-
ized to a reference temperature. Our data show that
even at 400K there is still a slope in M'(w). M, is
even harder to obtain and degenerates to an
adjustable parameter, if the scanned temperature—
frequency window has been selected too small on the
low temperature wing. At least some authors are
very unhappy with this situation’. Again our data
show that M’ (w) still has a slope.

The Qn-function does not contain these parameters.
Since it is the experimentally determined logarithmic
derivative we can give one relaxation data point (cross in
Figure 7 and Figure 8) without recourse to any model.
Invoking a model allows to determination of its
parameters as we did with the af-relaxation combined
with the VFT law (Debye relaxation, dashed line in
Figure 7 and Figure 8). If a narrow relaxation process is
found the loss modulus follows by equation (15).

It is interesting to explore the sensitivity of the
parameters obtained. One of the conclusions in
the literature®’ is 8=04 as the exponent of the
Kohlrausch—Williams—Watts relaxation function

(1) =e W’ (23)

where 7 is the relaxation time and 3 (0 < 3<1) is a
measure of the width of the relaxation time distribution.

05 (a) 1SS-data (acoustic response)

) O ARRH.1+ARRH.2

™ @ VFT (given in Lit.)

=)

b ®

o 00 —o-g-i-iﬁ op—

g .

° °

7]

o

0,5 *
1 1 ]
3 4 5
103 /T K]

2 | (b)aldata
- O ARRH.1+ARRH.2+VFT
~ | ® VFT (givenin Lit.)
5 ]
2 o
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n ]
]
3 \ uf ‘.
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2k
1 L | 1
3 4 5

103/ TIK"]

Figure 9 (a) Deviation of the ISS data (acoustic response) from the
sum of the Arrhenius processes ARRH.1 and ARRH.2. For
comparison the deviation from the VFT law given in reference 3 is
shown. (b) Deviation of all data from the sum of the two Arrhenius
processes plus an additional VFT process, also compared with the VFT
law given in reference 3
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The limit 3 = 1 is the Debye case with a single relaxation
time. 8 = 0.4, however, has been fixed for the further
treatment resulting for example in a VFT behaviour.
This appears questionable even from the published data.
In Figure 7 one can easily draw a straight line fitting the
first five data points even better than the VFT curve with
T* =176 K. Thus an Arrhenius behaviour is more
probable. The discussion is much facilitated by knowing
the fastest process ¢g(¢) which we subtract from the
other data.

)= 2 Jror()  (24)

After subtraction of ¢p(¢) the data obtained from the
acoustic part of ISS exhibit an excellent linear behaviour
(Figure 8) revealing a second Arrhenius process, with our
data point just on it. The deviations of these ISS-data
from the sum of the two Arrhenius processes are plotted
in Figure 9a.

By lumping together the ISS-data from the thermal
expansion and the PCS-data and subtracting now the
Arrhenius processes we arrive at a clearly non Arrhenius
behaviour. In fitting these data without prejustice we
tried different functions: two exponentials, one exponen-
tial and one VFT function and finally a single VFT
function. All fits are equivalent, as is obvious from the
residues. Thus other criteria have to be invoked. One is
Occams razor, not to use more explanations than
necessary. The second is the physical interpretation of
the parameters resulting from the fit. Activation energies
of 90kJmol ™! and 186kJmol ! obtained with the two
exponentials cannot be understood without chemical
processes. The single VFT function remains as the
most probable physical fit to the residual data values
(Figure 9b). With a Vogel temperature T = 161K and
an activation energy Uy = 13.1kJmol ' it is likely to
attribute this process to the conformational motions of
the main chain leading to the glass process at 190 K. The
fast Arrhemus process with an activation energy of
22.5k)mol ™' seen in the BS and ISS experiments could
be attributed to hydrogen bonds of the terminal alcohol
groups. H?fdrogen bonds have typical energies of 20-50
kJmol™" °". During bond fluctuations this energy acts as
activation energy. The low relaxation strength AM /M,
compared to those of primary glass processes is in favour
of only a few relaxators operative (Boltzmann factor) or
a weak coupling to the sound wave. The appearance of
this relaxation independent of molecular weight* points
to its local character. A chain end effect should decrease,
proportional to 1/Mv,. Thus experiments with a PPG of
different molecular weight as well as with blocked
terminal groups could decide whether our explanation
is true or not. The slow Arrhenius process seen in the ISS
expenment has a rather high activation energy of 66.9
kJmol™' but also a high relaxation strength. Hydrogen
bonding of water to the chain oxygen groups, e.g. linking
two of them by one or two water molecules (two or three
hydrogen bonds), requires such energies, and explains
the cooperative character inherent in the VFT law. The
very short relaxation time 7, (Table 1) produces at the
boiling temperature of water a relaxation time of
2 x 107!* s comparable to the O—H stretching vibration,
which makes sense. The absence of mechanical relaxa-
tions in water at room temperature up to Brillouin
frequencies has been proven®®. Thus such processes must
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Table 1 Parameters of the relaxation functions used for fitting the data. The last column shows the values of the single VFT behaviour given in

reference 3

ARRH.1 ARRH.2 VFT VFT (Lit.)
7o (5) 3.72% 1077 891 x 1073 467 x 1071 1.83x 1071
Uy (kJmol™") 225 66.9 13.1 8.5
A (K) 2706 8046 1570 1026
161 176

T (K) 0 0

be very fast. Our explanation could be tested by chemical
variation of the molecule. The controversial discussion in
literature only invokes one average activation energy,
14.7kJ mol™' (ref. 4) and 21.8 kI mol™' (ref. 5), lying in
the general range of conformational changes and no
relation to the special molecular structure of PPG
is possible. The conclusion that even at Brillouin
frequencies the relaxation time distribution does not
narrow” is questionable. In fact it narrows to a single
relaxation time at about 300 K.

The line width measurements show a broader dis-
tribution than the relaxation process allows. A line
broadening does not necessarily originate from a
dissipation process. Rayleigh scattering of the acoustic
wave causes lifetime broadening. We have observed an
intense optical Rayleigh scattering around 7 = 300K.
The associated density fluctuation will scatter the
acoustic waves as well since the wavelength of light
wave and sound wave involved differ at most by a factor
of two. The fluctuations mentioned could be due to
homopbhasic (or less probable heterophasic) fluctuations
of a crystallization tendency which is finally hindered by
the water content. For linear homopolymers Ty = 3/2 x
T, holds and a hypothetic melting temperature Ty =
285 K results which nicely matches our observations.

After the discussion of the activation energies the
question remains whether the experiments are able to
sense the same processes. Dielectric measurements
couple to the dynamics of permanent dipoles being
part of the main chain or of side groups. No wave vector
selection is carried out. Thus the processes observed can
be local or global. These results have been attributed to
the main chain dynamics and coincide with the slow PCS
data’.

PCS records fluctuations of the dielectric tensor. They
may be due to molecular motions of anisotropic
molecules contributing to the VH scattering. In this
case they couple to the main chain conformational
dynamics. The VV scattering couples to diffusive density
fluctuations of fixed wave vectors and to any kind of
dust. The above mentioned phase fluctuations must have
strong influence. The main chain dynamics by chain
stretching involved in such a process will also be seen by
dielectric measurements. In BS propagating density
fluctuations of constant wave vector are observed, i.e.
sound waves. All activated processes coupling suffi-
ciently fast to density changes will dampen the sound
wave. Phase fluctuations scatter sound waves without
damping. Their relaxation time is too long to be seen at
Brillouin frequencies. In the ISS experiment the fluctua-
tions observed are at first induced. So far it differs from
all the other techniques. At first the laser pulse generates
a standing energy fluctuation subsequently decaying into

3490 POLYMER Volume 37 Number 16 1996

different channels. Additionally to normal damping the
acoustic wave launched will couple to those induced by
thermal density fluctuations since they are existing
congruently. The energy stored by broken hydrogen
bonds will be dissipated with a much faster time constant
than the temperature wave decaying by thermal diffusivity
(the thermal expansion signal). Thus, we understand
why the ISS experiment senses two Arrhenius processes
followed by a slow thermal process, whereas BS only
senses the pure acoustic process.

CONCLUSIONS

As relaxation time distribution in PPG we find a set of
three different processes, two of which exhibit Arrhenius
behaviour and one with Vogel—Fulcher-Tammann
behaviour. At high frequencies the relaxation time
distribution narrows to a single relaxation time with
Arrhenius behaviour. The VFT processes are too slow to
influence the measurements at frequencies/temperatures
where the Arrhenius processes are prevalent. Our
method of using two scattering geometries simulta-
neously and analysing the data by the Qy-function is
able to unambiguously characterize the dominant high
frequency process. In the light of this treatment the use of
linewidth results from BS experiments in order to
determine the width of the relaxation process becomes
questionable. From the present work we believe the
experiments with surface acoustic waves to be the most
effective, all the more as they can be coupled with BS
experiments. In assigning the respective relaxation
processes found to corresponding molecular processes,
great care must be taken.
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